ABSTRACT Motivation: Currently a substantial research effort is devoted to automated representation of metabolic and gene networks. Automatic visualization plays a significant role in such efforts, and becomes an important problem on its own. Graphical visualization of metabolic pathways has to be information dense and not 'overloaded', recognizable and unified, close to traditional and algebraically consistent. The use of threedimensional 'virtual reality' visualizations may help to understand better the intricate topology of metabolic and regulatory networks. Results: A system of visualizing metabolic networks as graphs in three-dimensional space by means of Virtual Reality Modeling Language (VRML) is presented. The system is based on an XML-compliant MNV ('Metabolic Network Visualizer') language, and comprises MNV language standard and parser, MNV to VRML translator, and interactive pathway constructor, all unified by the HTML graphic user interface. Availability: The MNV can be accessed in viewer mode at
INTRODUCTION
Currently a substantial research effort is devoted to automated reconstruction and representation of metabolic pathways and gene networks (see e.g. KEGG: Kanehisa, 1999; CSNDB: Takai-Igarashi and Kaminuma, 1999; SPAD: Tsukamoto et al., 1997; Karp et al., 2002; Kolpakov et al., 1998; Toyoda et al., 2002) . Automatic visualization of metabolic pathways plays a significant role in such efforts, and becomes an important problem on its own (Becker and Rojas, 2001) . A successful visualization is a key to understanding the intricate topology of different parts of metabolic and regulatory networks. Graphical visualization of metabolic pathways has to be, at the same time, information dense and not 'overloaded', recognizable and unified, close to traditional and algebraically consistent. In fact, not only the pathway discovery, as, e.g., Karp (2001) suggested, becomes a case for computational symbolic theories, but pathway visualization as well. Pathway graphics and topology contains, although in a non-textual form, vast amount of information, which is a result of deep understanding of pathway functioning.
A successful data collection representation and visualization should satisfy a set of many, often conflicting, requirements: unification of diverse data formats, support for serendipity research, support of hierarchical structures, compromise between overview and detail, agorithmizability, vast information density, Internet-readiness, standard GUI (Graphic User Interface), and other. Traditional text-based and simple graphics-based systems only partly solve the problem (see e.g. Robinson and Flores, 1997 , http://industry.ebi.ac.uk/~alan/Papers/ISMB97/; Chen, 1999) . In addition, good data collection visualization should possess the potential for expansion and self-organization as a result of joint efforts of separate research groups within the research community. However, not many papers in the field of bioinformatics discuss the ways to improve pathway graphic representations from the visual perception point of view, concentrating mostly on layout algorithms. This paper is devoted to pathway graphic representations in three dimensions (3D) as an alternative to two-dimensional presentations (2D). The motivations for our research is as follows. First, certain biochemical pathways have very intricate multidimensional topology. The 3D space offers less constraints on the topology and helps to avoid such unaesthetic graph elements as line crossing. Also rotation of a graph in 3D visualization makes it possible to shift viewpoints, focusing continuously on different parts of a graph, even if the graph itself is laid out in 2D. Because of the 3D prospective, such visualization yields good implementations of a 'focus + context' paradigm (Robinson and Flores, 1997) . The 'focus + context' principle allows user to see a detailed view of an object/group of objects in focus and its place in the structure ('context') of the whole system at the same time. Another interesting method of implementing 'focus+context', a 'fisheye view' is presented in the GSCope program by Riken (Japan) (see Toyoda et al., 2002) .
Second, the current graphic 3D systems (Java3D, VRML, etc.) offer a wide choice of visual attributes for the displayed objects-textures, colors, transparency, shapes, sizes. In principle, these attributes may be used for encoding different properties of the objects, forming some sort of visual algebra.
Once the user has got accustomed to the encoding, then the properties of different objects, synaesthetically encoded as visual attributes, may be perceived without reading (see Waterworth, 1997; , improving the system's aesthetics at the same time. A visualization in which the enzyme catalyzed reaction objects have shape different from the uncatalyzed reaction objects, different classes of reactions are ascribed different color, and less important species in a pathway are more transparent may serve as an example.
METABOLIC NETWORK VISUALIZER: PURPOSE, CONCEPT AND SOFTWARE
MNV is an abbreviation for the Metabolic Network Visualizer, a system to create descriptions of metabolic networks using a simple XML-compliant data model, and to visualize them in 3D as virtual immersive worlds. The system comprises four principal components: MNV language standard and parser, MNV to VRML translator, interactive pathway constructor and custom made converters for existing pathway databases. All components are unified via Perl and HTML based GUI elements which are processed by standard Internet browsing software with the installed VRML plug-in. GUI and all the system's components are written in Perl, HTML and Javascript. The choice of languages was determined by convenience and standardization of GUI and suitability of Perl for grammatical text analysis. Currently our system has been applied to an open subset of the BioCyc database (Karp et al., 2002) , namely, the AgroCyc © database. It can be accessed at www.patronov.net/ sciencevr/mnv/indexview.html. The pathways are grouped by types, which are inherited from the original database (Fig. 1a) . Each group has as many members as there are little 'dots' surrounding the group object. Choosing a group brings up another screen, with the group member pathways at a circumference (Fig. 1b) . The number of colored dots around each pathway object represents a number of reactions in the pathway, white dots correspond to the number of different metabolic species. Choosing one pathway brings up its visualization in a 3D graph layout, choosing a '2D' object shows the 2D layout in 3D. User may also opt for textual descriptions of the pathways, the 'pipes' graph visualization (Rojdestvenski, 2003) or the raw MNV pathway descriptions.
DESCRIPTION LANGUAGE AND CONSTRUCTOR MODE
MNV language standard represents the core of the system. In the constructor mode the user is offered a series of HTML forms to create the MNV description of a pathway, a WYSI-WYG ('What You See Is What You Get') VRML interface using the 'pipes' layout, and 2D and 3D graph layout program components. The constructor in the test mode can be accessed at www.patronov.net/sciencevr/mnv/indexmake.html. Alternatively, a MNV description of a pathway may be created in any text editor. A data model for the MNV language may be accessed at http://www.patronov.net/sciencevr/mnv/ screenshots.html (Appendix A), together with the screenshots of the system in action (figures to this paper). We should note the similarities between our approach and other developments in this area, particularly the Systems Biology Markup Language (Bolouri et al., 2000; Hucka et al., 2000, http: //www.cds.caltech.edu/erato). The MNV language can be mapped onto a subset of SBML. The main difference between two languages is that MNV contains only tags relevant to visualization needs, while SBML is much more general and suitable for modeling, which comes at the expense of greater complexity of the language. The language is in principle extendable, with a possibility of including other tags and adding attributes to existing tags. The choice of the current set of tags was dictated by the visualization needs. In practice, it turns out that the MNV language can be straightforwardly mapped onto subsets of other similar description languages, such as that used in the MetaCyc © pathway database by SRI ® (Karp et al., 2002) , for which we were able to produce an automatic converter into MNV language.
TRANSLATOR COMPONENT, VISUAL METAPHOR AND GRAPH LAYOUT ALGORITHM
Visualization of a network's MNV-description is done automatically, and all the information for the visualization and, in particular, for the graph layout, is present in the MNV description. Traditionally pathway graphs consist of vertices (metabolites), connected by arrows (reactions), with possibly some additional arrows representing coproducts and cosubstrates. We choose a slightly different graphical metaphor, following the logic of our earlier works (Rojdestvenski and Cottam, 2000) . We relate metabolic networks to ordered directed graphs comprising two kinds of vertices. The 'species' vertices represent different metabolic species in the system, whilst the 'reaction' vertices denote the reactions. The arrow directed from a 'metabolite' vertex to a 'reaction' vertex indicates that this metabolite is a substrate for this reaction. Conversely, the arrow from a 'reaction' vertex to a 'species' vertex indicates that this metabolite is a product of this reaction. This representation deviates from the conventional 'textbook' one, with the vertices being employed not only for metabolites but for reactions as well. This is done for algebraic consistency, but also bears some meaning apart from that. Indeed, in many diagrammatic techniques the arrow represents a binary relation, or a function, while vertices stand for the material entities connected by this relation. A reaction is often at the same time a relation and a material entity (an enzyme). In our scheme this 'material' aspect is emphasized, with the arrows describing relations between metabolites and reactions (i.e. the properties of being either a substrate or a product). In fact, this logic is close to what is implemented in the Bind database (Bader et al., 2003) , which describes the molecular biological data in terms of objects and binary interactions between them. In traditional representations of metabolic pathways the 'skeleton' topology of the layout is determined by substrates and products (hereafter referred to as 'species'), with cosubstrates and coproducts (termed 'co-species') represented by additional drawing elements (arrows). In view of certain ambiguity in the definition of distinction between species and co-species, we chose to keep co-species as vertices, but with different properties, as a compromise between the traditional drawing paradigm and 'true' pathway graph topology. To maintain this distinction at the description language level, the <species> object received an attribute 'co' with the value equal 'no' for species and 'yes' for co-species.
Before discussing our graph layout algorithm we introduce visual elements of the graphs as they appear in our visualization. The whole layout (3D or 2D) is positioned in a 3D virtual world, in which a user has the freedom of moving around, viewing the pathways from different angles and jumping to predefined viewpoints. Species vertices are represented by white balls, the sizes of which are proportional to the species' concentration value, and the species' names written nearby. The co-species vertices are drawn as semitransparent cylinders. If the network contains a transporter object for given species, a colored cone is located immediately under the corresponding ball (or cylinder), with its tip pointing up for imported species and down for exported ones.
Reaction vertices are shown in the form of colored balls, and the 'reaction-product' and 'reaction-substrate' relations are represented by colored conic arrows directed accordingly. Positioning a cursor over species (co-species) object highlights this object together with all the reaction objects it is linked to. Similarly, locating cursor over a reaction object highlights this object together with all the species and cospecies, participating in this reaction. Also additional textual information appears for the selected object in special window frame.
The problem of automatic network graph layout in biochemistry and molecular biology is in satisfying some contradictive requirements:
(1) Consistency. When a pathway database is being built, the principles of graph layout have to be universally consistent, i.e. should be the same throughout the whole database. Keeping in mind that visualization represents a certain mapping of the depicted system onto the 'algebra' of visual objects, the consistency requirement does not only facilitate 'explaining' what to do to the computer, but is also binding for the human author of the system. Indeed, certain pathways in a given mapping would look 'good' (functionally, aesthetically, etc.), others will be less satisfactory. However, once the set of rules is in place, they should not be bent even for the sake of perfecting visualization of certain, 'imperfect' pathways, otherwise the whole system quickly dissolves into a mess. (2) Minimal inference. When the pathways are drawn manually, it is possible to add or delete certain features in a unique way for each pathway. This refers, e.g. to certain cyclic pathways, which look great when drawn as circles. However, if one tries to establish a set of rules individually for each pathway out of several thousand, one destroys any advantage the automatic layout system could possibly have, because the complexity of drawing pathways one by one manually is just moved into the complexity of creating unique set of drawing instructions for each graph. Moreover, any such 'overcustomized' system possesses significant inertia, as a substantial number of rules would have to be rewritten should certain research opinions and paradigm change. (3) Traditionality. The graph layouts produced automatically should not deviate substantially from the traditional textbook drawings, as such layouts, consistent and convenient as they may be, have a very little chance of being accepted by the research and educational community. (4) Aesthetics and 'good' visibility. Often visualizations which are very consistent from the mapping/algebraic point of view, possess poor visibility and aesthetic qualities. An example of such visualization is given in Figure 2a (see http://www.patronov.net/sciencevr/mnv/ screenshots.html) for the TCA cycle (see also Rojdestvenski, 2003) . Metabolic species and co-species are positioned at a circumference in the horizontal plane, while the reactions occupy vertical axis through the center of the circle. Such visual metaphor proved to be rather instrumental when new descriptions of metabolic pathways are formed in the constructor mode of the MNV software, as it is quite easy to see all the modifications made interactively to the MNV descriptions, when new reactions and/or species are added. However, the intrinsic topology of a pathway is completely hidden in this visualization, all pathways look the same, are unrecognizable and loose unique topological features such as cycles, branches, etc. (5) Flexibility. The layout rules have to be flexible enough as to ensure that the representation can adopt conceptual modifications that inevitably appear as a result of ongoing research.
Several research groups dealt with the automatic layout problem specifically for metabolic pathways. Becker and Rojas (2001) addressed the issue of algorithmizability and suggested a graph layout algorithm for drawing metabolic pathways. Metabolic pathways are taken in a traditional metaphor of 2D graphs in which nodes represent chemical compounds, and edges represent chemical reactions between compounds. The automatic graph layout problem is addressed by a combination of algorithms from graph theory, particularly designed to tackle cyclic or partially cyclic pathways (see an extensive bibliography on the graph layout algorithms in Di Battista et al., 1994) . A substantial amount of work has been done by the BioCyc working group (see Karp et al., 2002 and references therein) and the BIND group (Bader et al., 2003) .
Our layout method is a modification of spring embedding algorithm (Kamada and Kawai, 1989 ), which we implemented in two versions: for 3D layouts and for 2D layouts. The essence of the algorithm is that graph vertices are represented as point masses, and each vertex is connected to every other vertex by a 'spring', whose length and elasticity are calculated using the graph adjacency matrix. Then the system is numerically allowed to reach dynamic equilibrium with the vertex positions corresponding to the minimum potential energy of the spring system. For 3D layouts the vertices' positions are adjusted in three cartesian coordinates (X, Y , Z), while for 2D layouts vertices are constrained to (X, Y ) plane.
The main modification we introduced was different ways of dealing with the species vertices and co-species vertices. We reasoned that, similar to the traditional pathway graph layouts, the skeleton of the pathway graph has to be determined by products and substrates, i.e. by species vertices. So, when adjusting the positions of vertices we took into account only those springs that connected species and reaction vertices with other species and reaction vertices. Once the 'skeleton' graph was laid out, we 'froze' the coordinates of reactions and species, and positioned the co-species vertices using all springs at this time.
An example of a MNV-description of a pathway is given in Appendix B, and the corresponding graph layout is presented in Figure 2b (see http://www.patronov.net/sciencevr/mnv/ screenshots.html). An interesting feature of the springembedded algorithm is that it preserves the internal symmetries of the graph simply due to the corresponding symmetries in the 'spring' interactions. This means that such important graph elements as cycles and branchings are displayed adequately.
Moreover, if the graph topology is such that the third dimension is not required for adequate layout, the 3D layout becomes effectively 2D. In Figure 3a and b (see http://www.patronov.net/sciencevr/mnv/screenshots.html) we present the TCA cycle graphs in 3D in two viewing aspects, illustrating the continuous viewpoint shift.
The topology of the 'traditional' metabolic graph layout depends substantially on the distinction between the 'substrates' and 'co-substrates', 'products' and 'co-products'. Normally the term 'coproduct' is understood as a side product of the reaction, that is not part of the 'pathway' and, hence, is not displayed as a vertex of the network graph. 'Co-substrate' is interpreted similarly. The problem is that it takes significant amount of inference to determine which substances (metabolites) are parts of the pathway and are, concomitantly, substrates and products, and which are 'side species', i.e. co-products and co-substrates. Inference works for a limited number of pathways, for which the task of drawing a pathway graph can be undertaken manually. The problem arises when one deals with modern scale data collections, with hundreds and thousands of pathways to be drawn automatically. For this situation certain rules have to be formulated. If the system of rules is limited, it may lead to certain graph layouts that differ significantly from traditional. On the other hand, formulating elaborate set of rules that constitute individual treatment of each pathway, virtually destroys all possible advantages the automated pathway layout might produce. The problem may seem purely academic at a first glance, but its full importance will surely manifest itself during design and functioning of the modern 'automatic pathway discovery' systems.
We would like to illustrate the above by comparing the TCA (Krebs) cycle pathway drawn with two different sets of rules. For the metabolic network in Figure 3a and b metabolic species NAD, NADH, NADPH, NADP, WATER, ATP, PROTON, ADP, PI, CO-A are co-species. In Figure 3c (see http://www.patronov.net/sciencevr/mnv/screenshots.html) the same network is shown with all the substances, including the above listed, being species, not co-species. Comparing Figure 3a and c we see graphs of totally different topology. Figure 3a is quite close to a traditional TCA cycle drawing, while the elaborate 'web' in Figure 3c has almost nothing to do with it.
Our current system is very flexible with respect to the above 'species versus co-species' problem. The 'co' parameter introduced for the species object may be easily changed if need be, leaving much flexibility in constructing alternative graph layouts. However, this does not eliminate the problem of formulating universal choice rules in this matter. Currently we implemented a 'list' solution to the above problem, which allowed us to convert the Agrocyc © database into MNV. Before processing the data we created a list of substances which would be co-species in all the pathways of a given database, and during automatic conversion all of them received a 'co = "yes" ' attribute. Such substances included ATP, ADP, NADH, NAD, and a few other. This solution allowed us to produce pathways which in most cases were topologically very similar to what is typically drawn manually or by other automated layout systems.
Practical as it is, this simple solution does not stand any systemic critique. Indeed, for the majority of reactions using ATP and ADP, they are normally considered co-species. However, when it comes to, say, ATP production pathways, it is natural to depict ATP as a product, not as a co-product. This is precisely the situation one should avoid, as it quickly leads to individual co-species lists for different groups of pathways.
The discussion of a systematic way of automatic distinction between species and co-species goes far beyond the scope of the current paper. We should note, however, that in our view the main difference between 'species' and 'co-species' is that the former are 'internal parameters' to the network, i.e. their concentrations are strongly affected by other elements of the network. The latter, on the contrary, can be treated as 'external' parameters, which influence the network's operation but are not affected by the network. With this view in mind, the problem of making an automatic distinction between species and co-species becomes essentially the problem of modeling chemical kinetics of the network. Interestingly, this whole problem constitutes another argument in favor of visualization being more than just a drawing. It turns out that the topology of a correctly laid out metabolic graph provides almost as much information as algebraic and/or experimental data in the form of tables and concentration plots.
CONCLUSIONS
We present a system of automatic pathway visualization in 3D. The system possesses visual perception qualities that are unique to 3D virtual immersive worlds. At the same time our visualizations maintain acceptable level of recognizability compared to traditional 2D representations. Possible advantages of 3D visualizations of metabolic pathway graphs in virtual reality, apart from overall 'good aesthetics' of the system, can be formulated as follows:
Information density. The use of visual attributes (shape, color, transparency, etc.) enhances the information content of the graph, yielding a combination of parallel rational and sensual perception.
A compromise between an overview and detailed view. User's mobility in the VR world yields flexibility in continuous shifting of attention focus. When a user is focused on a certain neighborhood, the location is displayed in a detailed view. Via peripheral vision, however, one can perceive other parts of the data structure, presented as geographical areas ('focus+context' paradigm). The 3D immersion of a pathway layout grants a good implementation of a 'focus + context' paradigm. As an example, let us take the purin biosynthesis pathway from Agrocyc database (http://biocyc.org:1555/ AGRO/new-image?type=PATHWAY&object=PWY-841) and in our VRML-based interpretation ( Fig. 4a and b at http:// www.patronov.net/sciencevr/mnv/screenshots.html and/or http:// www.patronov.net/sciencevr/mnv/mnv.cgi?f=agrocyc/ PUR2NEW&m=v). When using a flat 2D representation the designer has two choices. One is to limit the amount of information on the graph so that the picture more or less fits in a single screen (see reference above). Another is to extend the amount of information presented, but in this case an extensive use of scrolling is required (see the same 'biocyc' reference and click 'More detail' button), with the viewer loosing the perception of the whole pathway. Another problem is that all the elements of the pathway are shown the same size and level of detail. The 3D immersive world yields an opportunity to shift parts of the pathway in or out of focus, still retaining the perception of the whole pathway structure (see Fig. 4a and b). Different levels of detail for different parts of the pathway come naturally as a result of 'turns' in the 3D world. This, concomittantly, brings about an opportunity to increase information density of a single screen, which would manifest itself fully in the parts of the 'world' the user focuses upon, and would gradually fade away from the focus.
Another comparison we made with the KEGG © database. We took an example of pyrimidin biosynthesis pathway, the original KEGG © graph layout can be found at http://www.genome.ad.jp/dbget-bin/get_pathway?org_name= atc&mapno=00240, and the MNV version is presented in Figure 4c (see http://www.patronov.net/sciencevr/mnv/ screenshots.html). Both representations are, in our view, much information overloaded. The KEGG layout looks rather ordered and symmetric, but nonetheless quite difficult for browsing and orientation. The MNV layout seems to us a bit more adequate in terms of showing the intrinsic topology of the network. Again, the 'focus + context' paradigm realization in the MNV layout might ease perception, although in general more simple networks are preferrable. Also, such complex systems may be a good rationale for creating user specific visualizations and/or visual filters.
Standard GUI. Using standard programming and markup languages and standard user interfaces provided by Internet browsers makes it easier for the user to get accustomed to working with the system. On the other hand it relieves the programmers of the necessity to design and debug own GUI.
Internet publishing. Use of VRML makes our representation Internet-ready, as VRML (and its latest implementation, VRML97) has currently become one of the standard Internet languages. By adding HTML form interfaces, giving researchers an opportunity to contribute to the collection of metabolic networks, the system has a potential of becoming a collaborative information medium.
In conclusion, we think that the 3D visualization of metabolic pathways is a promising new approach to the problem, and may constitute a good supplement to traditional 2D schemes. We welcome anyone who is interested in collaboration or critique to get acquainted with the MNV system at www.patronov.net/sciencevr/mnv/indexview.html. Our current research is devoted to the next stage of metabolic pathway collection visualization, that is to lay out the whole pathway collection in 3D, showing interactions between different pathways. This is an interesting problem on its own, because one has to resolve a contradiction between the (objective) structure of interactions between pathways in a collection, and (subjective) structure of hierarchical pathway grouping into families and superfamilies. We have again devised an XML-compliant language for a hierarchical data structure with interactions and applied a 'hierarchization of relations' concept which allows to resolve the above contradiction. A test visualization based on KEGG © collection may be accessed at http:// www.patronov.net/sciencevr/mnv/indexhie.html.
